The combination of recentvolcanism, high heatflow (24 HFU or 167 mW/m2), andhigh conductive geothermalgradient(up to 120°C/km) makesthe Clear Lake region of northernCalifornia one of the best prospectsfor hot dry rock (HDR) geothermaldevelopmentin the U.S. The lack of permeabilityin explorationwells and lack of evidence for widespreadgeothermalreservoirsnorth of the Collayomi fault zone are not reassuringindications for conventional geothermaldevelopment. This reportsummarizesresultsof thermalmodeling of the ClearLake magmaticsystem,and discussesimplicationsfor HDR site selectionin theregion. The thermalmodels incorporatea wide range of constraintsincluding the distributionandnatureof volcanism in time andspace,waterand gas geochemistry,well data,andgeophysical surveys. The natureof uppercrustalmagmabodies at Clear Lake is inferredfrom studyingsequencesof relatedsilicic lavas, which tell a story of multistagemixing of silicic andmailc magma in clustersof small upper crustalchambers. Some mtilc to intermediatelavas atClearLake also containcrustalxenoliths (fragmentsof rocks foreign to the magma) which provide information about deeper levels of the magma generation. The xenolith suite includes mafic plutonic rocks as well as high-grade metamorphicrocks. The xenolith suite representsfragmentsof gabbroic intrusionsandtheircontact aureoles. Thermobarometryon metamorphic xenoliths yield temperatureand pressure estimatesof -780 -900"C and 4-6 kb respectively, indicatingthatat leasta portion of the deep magma systemresided at depthsfrom 14 to 21 km (9 to 12 mi).
I. INTRODUCTION
Estimatesof the heat production of uppercrustal silicic magma bodies provide one measure of conventional and HDR resources in the U.S. Such estimates have traditionally been based on thespatialandtemporaldistributionof Quaternaryvolcanic rocks, and simple conductive heat flow calculations (Smith and Shaw, 1975, 1978; Lachenbruch et al., 1976; Kolstad and McGetchin, 1978; Carrier and Chapman, 1981) . In thisapproach,theprobable volume of the magmaticsystem, and the age of its youngest volcanic products are used to constrain the minimumpotentialheatproductionfrom a given system. For example, Smith and Shaw (1975) estimatedthe potentialheat production associatedwith the Clear Lake volcanic field at 863 x 1018 Calofies (3610X1018 Joules) based on an assumedactive magma body with a volume of 1500 kms, an emplacement temperature of 850"C, anda roof at4kmdepth. Although these early estimatesdemonstratedthehuge heatcontentpresentin areasof shallowmagmatism,they suffered from numerous simplifying assumptions, and a general lack of petrologic and geophysical constraints.
This studyemploys thesamebasic approach aspioneeringeffortsby SmithandShaw (1975) , but incorporates more realistic petrologic and geophysical constraintsbased on numerousdetailedstudiesof theClear Lake region (Hearnet al., 1976 (Hearnet al., , 1981 (Hearnet al., , 19S8, 1995 ""Goffet al., 1977 ""Goffet al., , 1993a Lachenbruch and Sass, 1980; Donnelly-Nolan et al., 1981 Isherwood, 1981; Iyeret al., 1981; WaltersandCombs, 1989; Stirnac,1991; Liu andFurlong,1992; Stimacand Pearce, 1992; Stirnacet al.; Griscom etal., 1993; Stimac, 1993; Stimac et al., 1993a, b, c) . Advances in numerical modeling and computing easilyallow incorporationof thesecomplexitiesinto2-D conductiveandconvective heatflow simulations.Thus using a combinationof petrologic and geophysical constraints,a variety of modelswere constructedon thescaleof theClear Lakevolcanic field, andon thescaleof well studied silicic eruptivecenterswithinthefield. Some models assumed all heat transportby conduction, while others allowed for zones of convective heattransportatthe roofs of magma bodies or along verticalfaultzones. The ultimategoals of these simulationswere to: (1) testand refine themagmaticmodel proposed by Stimac(1991) and Stimac et al. (1992) , (2) determine under whatrangeof conditionsof magmaemplacement the thermal models could reproduce observed heat flow in the region, and (3) determinethe implicationsfor conventionalandHDR geothermal development. Although the large number of variablesinsuresthatno single model can be proven correct, this frostattemptto bring petrologic, geophysical, and thermal models into agreementhas yielded encouragingresults,and furtherdemonstratesthe suitabilityof the Clear Lake region for HDR development (Goff and Decker, 1982; Burns, 1991; Stimacet al., 1992) .
This report is organized into three sections. The fwstsectionsummarizeswhatwe know from previous and ongoing studiesof the Clear Lake magmatic-hydrothermal system.The secondsection describes the thermalmodeling technique and the effects of key model variables,and presentsmodel resultsfor the Clear Lake system. The final section discussesmodeling resultsand theirimplicationsfor HDR developmentin light of the assumptionsand key variablesof the system. Abbreviations, units, and acronyms used in thisreport are summarizedin Appendix I. Mooney and Weaver, 1989) . The region can be divided into a subduction regime north of Cape Mendocino, and a transform regime to the south. Clear Lake (solid circle) is located in the northern portion of the transform regime. Solid triangles mark active or dormant volcanoes of the Cascade range: L, Lassen; Sh, Shasta; M, Medicine Lake; N, Newberry Volcano; H, Mt. Hood; S, Mount St. Helens; R, Mount Ranier; B, Mt. Baker. numerous subparallelfaults and representsthe boundarybetweenthePacific andNorthAmerican plates south of the Mendocino Triple Junction (Jennings, 1992; Castillo and Ellsworth, 1993) . Regional tectonic considerationsand the approximatecorrelationin age betweenvolcanism in the Coast Ranges and northwardmigration of the Mendocino Triple Junctionhave led many workers to conclude thatmagmatism in the region resultsfrom mantle upwelling at the southernedge of theGordaPlate (Dickinson and Snyder, 1979; McLaughlin, 1981; Johnson and O'Neil, 1984; Fox etal., 1985; Benzet~., 1992) . The Clear Lake volcanic field is the northernmost and youngest manifestation of this 4 magmatism (Fig. 2) . Although thestateof stress in the region is largely transpressional, volcanism aroundClearLake is apparentlylocalized in regions of transtensionby complex structuresof theSanAndreasfaultsystem (Heametal., 1988) .
B. MagmaticHistory
Volcanismin theClearLake region occurred over an elongateNW-strikingband about20-40 km wide and 55 to 75 km long, with ages ranging from about2.1 to 0.01 Ma (Hearnetal., 1976; Donnelly-Nolan et al., 1981) (Fig. 2) . Spatial and temporal trends of volcanism within the Clear Lake region are similar to larger-scale trendsin the northernCoast Ranges (DonnellyNolan et al., 1981; Stimac et al., 1992) . Thatis, silicic volcanism shows a general migration to the northwith time (Fig. 3 ). Mai3c volcanism is more widespread initially, but is also concentratedprogressivelyfurthernorthduringthelater episodes of volcanism. Donnelly-Nolan et al. (1981) , Hearrtet al. (1981 ) andStimacet al. (1992 outlinedevidence for the existence of several discrete silicic centersthroughthelife of the Clear Lake magmatic system.Asidefiom very small-volumeeruptions at Pine Mountain (2.06 Ma), the earliestsilicic rocks arerhyoliteanddacitelavasof Cobb Mountain (1.1 Ma) and granitoid rocks thatform the core of theGeysersgeothermalfield (>1.3 to 0.9 Ma; Donnelly-Nolan et al., 1981; Pulka, 1991; Dalrymple, 1992) . Successively younger silicic centersarelocatedatMt. Hannah-SeiglarMountain (<0.9 to 0.6 Ma), Mt. Konocti (0.65 to 0.30 Ma), andBoraxLake (0.09 Ma) (Donnelly-Nolan et al., 1981) . Together,these centers display a pronounced northward progression of silicic magmatismthroughtime ( Fig. 3 ; Stimac et al., 1992; Donnelly-Nolan et al., 1993) .
C. PetrologicFeatures
Volcanism at Clear Lake was dominatedby eruptionof numerous,smallto moderate-volume ,,,.,.,,,,,,,,,, ,,,,,,,, ,,. Wagner and Bortugno, 1982; Hearn et al., 1988; Donnelly-Nolan et al., 1993; and Jennings, 1993) . Major faults of the San Andreas system are shown, but smaller structures are omitted. Silicic volcanic centers mentioned in the text are also shown.
lavaflows anddomes(generally<6 kmspereruption), with a totaleruptedvolume of about 100 hs (Donne~y-Nol~et al., 1981; Hearn et al., 1981) . Lesserpyroclastic depositsrepresentthe products of magmatic, phreatic, and phreatomagmaticeruptions. Similar styles of volcanism (numerous small eruptions of lavas and subordinatepyroclastic material)are common to regions of active crustalextension such as the Coso volcanic field, California (Hildreth, 1981; Bacon, 1982) . The natureof uppercrustalmagmabodies at Clear Lake is inferred from studying sequences of closely related silicic lava flows in the Mt. Konocti, Cobb Mountain, and Borax Lake areas. Detailedpetrographicandchemical studies indicate thatthese lavas formed by multi-stage mixing of silicic andmafic magma in clustersof
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---%: C!e.rLake Volcanlcs cl'"'"'~El"a'"J' -. shallow crustalchambers (Patterson-Latham, 1985; Stimac, 1991; StimacandPearce, 1992; Stimac et al., 1994) . Eruption of silicic sequences commonly began with aphyric rhyo-I.ite(e.g. the rhyolites of Thurston Creek and Borax Lake), and progressedto more crystalrich rhyolite and dacite lavas (Stimac, 1991) .
Based on chemical, metrological,and isotopic dataonly a few mtilc lavas in the Clear Lake region retainexclusively mantle signatures. Most mdlc to intermediatelavas are variably contaminated by crustally-derived melt and crystallinedebris (Futa et al., 1981; Stimac et al., 1993a) . The most contaminated of these lavas contain crustalxenoliths which provide informationaboutdeeperlevels of the magmatic system. The xenolith suiteincludes noritic to gabbroic plutonic rocks as well as high-grademetamorphicrocks. Together,these rocks probablyrepresentfragmentsof gabbroic intrusionsand their contact aureoles (Stimac, 1993; Stimacetal., 1993b) . Thermobarometry on xenolithsyield temperature andpressureestimatesof -780-900"C and4-6 kb respectively for metamorphicxenoliths,indicatingthatatleast a portion of the mtilc magmatic system at Clear Lake residedin the crustfrom 14 to 21 km depth. Metasedimentaryxenolithsalso exhibit evidence for partialmelting and variable degrees of melt extraction,providing directevidence for anatexis and assimilationin the lower crust.
Based in part on the above petrologic evidence, the Clear Lake magmatic system can be envisioned as a simplified two-level system, driven by triplejunction migrationand concomitant decompression melting within the underlying asthenosphere (Fig. 4) . The focus of the resultingvolcanism has shiftednorthand eastwith time (Donnelly-Nolan et al., 1981; Hearn et al., 1981; Stimac et al., 1992) . The deep partof the system(lower to mid-crustallevels) is dominated by mafic intrusions, granulite-facies metamorphism, and local melting of metasedimentary protoliths. This deep systemgave rise to variably contaminatedand hybridized intermediateto silicic magmas,which eventuallymigratedto higher crustal levels (Stimac et al., 1992) . The upper level systemconsistedprimarilyof numerouslocalized clusters of small silicic magma bodies, ratherthana single largesilicic chamber (Stimac, 1991; StimacandPearce,1992) . Although atleast one moderatelysized,uppercrustalplutoniccomplex was created (Geysers felsite), most batches of silicic magma were relativelysmall, andprobably crystallizedrapidlyunlessrechargedatregular intervals. This petrologic model for the Clear Lake magmaticsystemis broadly consistentwith heatflow and geophysical evidence presentedin the next section, but leaves open the possibility of relativelyrecentintrusionof silicic magmanot representedby eruption.
D. GeophysicalFeatures 1. Regional and Local HeatFlow
Heat flow and its implications for the structure of the crust in the northernCoast Ranges of California have been modeled and discussed by Lachenbruch and Sass (1980) , Liu and Furlong 6 (1992) , and Liu (1993) . They stressedthe importanceof anorthwardly-migrating thermalperturbation beneath the northern Coast Ranges caused by creation of a "slabless window" beneath the southern edge of the Gorda plate. Lachenbruch and Sass (1980) compiled a contour map of heat flow in the westernU.S. (Fig.  5) . The Coast Ranges of California southof the Mendocino Triple Junctionare enclosed by the 1.5HFU (64 mW/m2)contour,andThe GeysersClear Lake region is enclosed by the 22.5 HFU (1980) modeled the heatflow thatwould result from basalticunderplating, or basalticintrusions atvariouscrustaldepths,andconcluded thatthe regional heat flow anomaly could result from extensiveunderplating, or intrusionof basaltinto the lower crust,but thatintrusionof basaltinto the upper crust would give rise to much higher regional heat flow than observed. We emphasize thattheirtreatment is basedon regionalheat flow (averagingabout2 HFU), and does not explicitly addressthe origin of The Gevsers-Clear (104 mW/mz) contour. Lachenbruch and Sass Lake &ermal anomaly:
. . Hypothetical cross-section of the Clear Lake magmatic system at a late stage in its evolution. This simplified view stresses the eventual development of a two level system of crustal magmatism consisting of a deep, dominantlyrnailc system, and a shallow, dominantly-silicic system. The cartoon depicts the cumulative extent of the magmatic system from initiation at 2 to 3 Ma ago to -200 ka ago. Lachenbruch and Sass, 1980) . The Califomia Coast Ranges south of the Mendocino triple junction is enclosed by the 1.5 to 2.5 HFU (heat flow units) contour, whereas the Clear Lake region is enclosedin the >2.5 HFU contour.
More detailedstudiesof The Geysers-Clear Lake region have documentedheatflow greatly exceeding theregionalaverage (Jamieson,1976; Urban et al., 1976; Walters and Combs, 1989) . Jamieson(1976) modeled theheatsourcefor The Geysersgeothemal field asaregionon thesouthwest flank of the gravity anomalycenteredover Mt. Hannah. He interpretedthe heat flow to be consistentwithhot (>700"C) intrusiverocks ata depthof about 8 km over a wide area,with heat flow from the source to-thesurfaceprimarily by conduction. Superimposed on this conductive anomaly, Jamieson found extremely high temperaturegradientsin The Geysers area. These gradientsreflect elevatednear-surfacetemperaturesin a conductive cap due to convective transfer of heat from depth by local steam and condensedhot-watersystemsalonghigh-angle fractures. Within in this area Urban et al. (1976) found that the region between the surface and the shallow steam reservoir is mainly conductive. Heatflow in thisintervalmeasuredin two holes was 7.5 and 9.3 HFU. None of the deep holes (up to 3.4 km) drilledin The Geysershave penetrated beneaththenearly-isothermal zone of steamproduction. This zone directly overlies andincludes portionsof a composite silicic plutonic complex known as the "Geysers felsite" (Hulen and Nielsen, 1993) . Walters and Combs (1989) published the most comprehensive studyof heat flow in The Geysers-ClearLake region. They documented a 4 HFU (168 mW/mz) thermalanomalyover an areaof atleast750 km2 (Fig. 6 ). This heatflow anomalyencompassesThe Geysersandthatportion of the Clear Lake volcanic field containing silicic volcanic rocks or theirintrusive equivalents.The Geyserssteamfieldlies entirelywithin their8 HFU contour (Fig. 6) .
We summarizethermalgradientand calculated heat flow data for "deep" wells north of The Geysers in Table 1 and Fig. 7 , and embellishtheheatflow contoursof WaltersandCombs in Fig. 6 . One point madeclear from thisdatais thatthemajorityof deepholes drilledin theClear Lake region were dry or had limited fluid production. Another featureof well dataillustrated in Fig. 8 is thatthermalgradientsin "deep" wells areconductive. These featuresindicatethatheat transportnorth of The Geysers is primarily by conduction aspreviously suggestedby Jamieson (1976) and Waltersand Combs (1989) .
Gravitv and Mametics Surveys
Geophysical surveys of the Clear Lake region have focused on identifying active magma bodies (see summariesby Isherwood, 1981 and Griscom et al., 1993) . Early gravity and magnetics studies at Clear Lake identiled a large negative (-24 mGal) gravity anomaly centered beneathMt. Hannah (Fig. 6) , and suggested it representsa magma chamberroughly 14 km in diameter at 27 km depth (Chapman, 1975;  Walters and Combs, 1989) . The area enclosed bythe4 HFU contour coincides almost exactly with exposures of silicic volcanic and shallow plutonic rocks (Geysers f&ite), but does not enclose early mrdlc Iavas that comprise the southeastern portion of the volcanic field. Dashed 6 and 8 HFU contours are based on data presented in Table 1 and Fig. 7 . The -24 mGal gravity low centered beneath Mt. Hannah is shown for reference. A clear heat flow discontinuity occurs across the Collavomi fault zone due to the presence of The Geysers steam field. Isherwood, 1981) . More recentlyGriscomet al. (1993) discussedvariouspossible interpretations of the geophysical data(gravity,aeromagnetics, andmagnetotelluricsoundings)andsummarized conflicting evidence that would either place a 5x23 km sill-like, silicic magma body within4-5 km of the surface (favored by Griscom et al., 1993) , or place it as deep as 15 km (favored by . Blakely and Stanley, 1992 and Stanley and Blakely, 1995 ). Griscometal. (1993 also cited the presence of tourmaline-hornfelssimilar to thatmaking up the contact aureole of the Geysersfelsite in deep drillholes (1.5-3.6 km) in the ClearLake region, bolsteringthe case for a shallow magma body underlying the Mt. Hannah area. Table 1 ).
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Seismic Studiesand CrustalStructure
Regional seismic studies suggest that the crust in the Clear Lake region is from 24 to 30 km thick,andis directlyunderlainby hotasthenosphere (Eberhart-Phillips, 1986; Mooney and Weaver, 1989; Benz et al., 1992; Castillo and Ellsworth,1993) . Inferredcrustalcross sections of the region typically consist of 12 to 18 M of Franciscan-like materialunderlainby 12 to 14 km of gabbroic andmafic crystallinerocks (Fig.  9) . However, recentwedge-tectonic models for the upper and middle crust beneath the Coast Ranges, based on seismic reflection and refraction studies (FuisandMooney, 1990; Wentworth andZoback, 1990; Wentworthet al., 1984; Unruh 12 and Moores, 1992) suggestthata metamorphic basementfrom the westernSierraNevada and Klamath Mountains could underlie the FranciscanComplex in the Clear Lake region. Seismic velocities (-6.8 km/s) of the present lower crust(24-30 km) areconsistentwithitcontaining a significant amount of underplatedor intraplated maflc crystallinerocks, butareprobably too low for it to consist entirelyof mantle materialaccretedto thebaseof the"slablesswindow" (cf. Furlong andFountain,1986) .
In a study of P-wave velocity of northern California and southern Oregon, Benz et al. (1992) observed the largest low velocity anomaly in the region beneathClear Lake, and attributedit to the presence of magma in both Fig. 9 . Inferred crustrd structure of the Clear Lake region. The P-wave velocities shownareftomthemodel of Castillo and Ellsworth (1993) , which was derived from study of earthquakes in the vicinity of the Maacama and Bartlett Springs Faults. Thelithologies aregeneralized from those inferred or suggested by various authors (Wentworth et al., 1984; Wentworth and Zoback, 1990; Fuis and Mooney, 1990; Eberhart-PhiUips, 1986; Mooney andWeaver, 1989; Castillo and Ellsworth, 1993) . The crustal depths represented by xenoliths are inferred from thermobarometry (Stimac, 1993; Stimac, unpub. data) .
the upper and lower crust. Similarly,an earlier seismic studyof the ClearLake region by Iyer et al. (1981) suggestedthe presence of magma extending from 4 to 30 km depth, but EberhartPhillips (1986) found no evidence for magma shallower than 7 km depth. Figure 10 shows velocityperturbations in The Geysers-ClearLake areafrom inversionof teleseismicresiduals (Iyer, 1988) . Thelargestupper crustalP-wave anomalies (upper 30 km) correspond well to the negative gravity anomaly centered beneath Mt. 
MAKIMUMDEPTHOF EARTHQUAKES ----------------------------------------------
\ 60 uoF ig. 10. Contour maps of teleseisinic velocity residuals in The Geysers-Clem Lake region (from Iyer, 1988) . Data were modeled using a 3-D inversion of four 15 km-thick layers. Individual blocks in the model were 10x1Okm. The solid square and triangle mark the locations of The Geysers steam field and Mt. Hannah, respectively. (a) first layer in block format; (b) alternate first layer assigning each station a unique block (see Iyer, 1988 for details); (c-e) second to fourth layer, block format; (f) east-west cross section of the velocity anomaly.
Hannah,and with smaller perturbationsin The Geysers area attributedto the steamreservoir. Velocity anomaliesin the Mt. Konocti and Borax Lake areasare relatively small compared to theMt. Hannahanomaly,and do not indicatethe presence of large, active magmatic systems.
Recent small-scale tomography studies of The Geysersindicatethatshallow silicic plutons such as the felsite have little velocity contrast with basementrocks dominatedby graywacke, andthusotheryoung granitoidplutonicrocks of the region would be difficult to image by this method (Ross et al., 1993; Zucca, pers. comrn., 1994 ).
E. ThermalWatersand Gas Discharges
Waterandgas samplesfrom thermalsprings, fumaroles,gas seeps, andnonthermalsourcesin The Geysers-ClearLake region have among the widest range of chemical and isotopic compositions documentedin any one region of geothermal activity (White et al., 1973; Barnes et al., 1973; Goff et al., 1977; Peters,1991; Thompson et al., 1992; Donnelly-Nolan et al., 1993; Goff et al., 1993a, b; Goff and Janik, 1993; 6'T i7kX dT + dkY~T +k d2T+k d2T -. -----dt 13xdx dydy - al., 1993) . The distribution of springs along known faults, together with the wide range in water and gas chemistry indicate thatno large hydrothermal system exists north of the Collayomi fault zone (Goff et al., 1993a, b) . Smallfault-localizedreservoirswithinter-related hydrothermal fluids occur atSulphurBankMine (-218"C), Wilbur SpringsDistrict(-140°C), and SulphurMound Mine (about 70"C). Moreover, the paucity of hydrothermalfluids in most exploration wells (Table 1) indicate relatively dry conditions in the deep subsurface. Interestingly, sHe/QHeratiosfrom throughoutthe Clear Lake region suggestthata magmatic sHe component is presentlocally, being highestbeneaththe Sulphur Bank Mine-Borax Lake area (R/&of 7.5 to 7.9; Janiket al., 1993; Goff et al., 1995 where Tis temperature, t is time,x andy denote lateraland verticaldistance,respectively,and Iix and~are the lateraland vertical thermalconductivities,respectively. This equation is nonlinear,so we developedauser-interactive graphic interfacednumericalcode to get an explicit solution (Wohletz and Heiken, 1992 ) by a finite differing technique. With continualchecking of the solution stability,the simulated geological structurecan be changed at any point duringthe simulationto achieve any one of a multitudeof geologic scenarios Because we calculate heat flow in two dimensions, we have to assume an axisymmetricalsystem,which is discussedlater. The temperature dependenceof thermalconductivitiesis modeled after Chapman and Furlong (1990) where:
For this equation thermalconductivity IIc(Zz)] is a function of crustaldepth(z) andtemperature (T), kO=conductivityatO°C,c is thecrustaldepth constantequal to 1.5x10-s/km,and b is the thermal constantequal to 1.5x10-s/kmfor the upper crustand l. Ox10-Mcmfor thelower crust. Other importantaspectsof this simulationare the initial thermalgradient,effects of the latentheats of fusion andcrystallizationof magma,andthermal convection by magmas and hydrothermal fluids.
The thermalgradientis obviously animportantpart of the solution as shown in the above heatflow equation,anditplays animportantrole for initial heat flow from a newly emplaced magmabody asafi.mctionof emplacementdepth. Without a realistic initial gradient, solutions would be unrealistic, especiallyfor timesshortly aftermagmaemplacement.A userspecified initial gradientis modeled by optimizing the heat flow into the bottom of the calculational mesh suchthatthe desiredgradientis stabilizedwithin themesh. Thisprocedureincludesconstanthorizontal gradients at the sides of the mesh and maintenanceof a specified surface temperature (20"C).
The latentheatsof fusion andcrystallization are calculatedbetween the temperaturesof 650 and 1000°C, whichrepresentsthe averagesolidification temperatures for a wide rangeof magma compositions most common in the Clear Lake region. Over thisrange,alinearvariationin melt fraction with temperatureis assumed,such that 350 kJ/kg of heatis eitherreleasedor consumed for crystallizationor melting,respectively. This assumptionis a simplification in thatthe melt fraction and latentheat are strongly a function of phasecomposition,butthisaspectof theproblem is beyond the scope of our presentstudy.
Magma is allowed to convect heatas a function of its composition and temperature.Where fully molten,magmaconvection is modeled with an arbitraryeffective Nusselt number of 3 for silicic magmasand 10 for mtilc ones, representing conservative average values for thermal Rayleigh numbersbetween 10sand 10s. Where hydrothermalconvection is specified in thehost rock, againaneffective Nusseltnumberis specified as 100. In this manner nearly isothermal gradientsdevelop rapidly in hydrothermalsystems,andover a prolonged time in magmabodies.
Numerous combinations of initial thermal gradient, magma body composition, structure, emplacementsequence,andemplacementdepth were studiedto verify consistency of the results with those of previous workers and observed thermalgradientsin othervolcanic terranes(e.g. Spera, 1980) . The generalconclusions reached from thissurveyaresummarizedin thenext section. Assumingthatthemodeledgeologic framework representsplanes along axes of structural symmetry,the results of these 2-D simulations should be fairly representativeof their3-D analogues. This is also a simplificationbecause of thecomplicatedstructure found in theClearLake region (McLaughlin, 1981; McLaughlin and Ohlin, 1984) .
B. Key Variablesand theirEffectscmtheSystem
Thethermalevolution of amagmaticsystem depends on many characteristicsof the plutons andtheircountryrocks (Spera, 1980; Furlonget al., 1991) . The main factors relatedto the pluton include: (1) size and shape;(2) composition (including volatile content); (3) temperatureof emplacement; (4) depth of emplacement; (5) emplacementhistory (single or multiple intrusions); (6) natureof internalheatflow (convection or conduction); (7) amount of radiogenic heat production; and (8) amount and timing of releaseof latentheatof crystallization.The main factors relatedto countryrocks include: (1) ambient geothermalgradient;(2) thermalconductivity as a function of composition and depth; (3) crustalcomposition andstructure@permeabi-lityand porosity); and (4) heatof fusion and endothermicreactionsfor rocks withinthe contact aureole. If advective or convective systemsoperate, then the natureof crustal structure(permeability andporosity) and geothermalfluid (1 or 2 phase) become more critical. The most importantof thesefactors can be modeled numerically, but any model, no matterhow sophisticated, is only as good as thephysical constraints on the system. Furthermore,it is importantto realize thatnumericalmodeling of geologic heat flow cannot prove a specific petrologic history, it can only show which specific histories are physically plausible,and worthy of furtherconsideration.
The following setof figures illustratetheeffects of the major variablesmentionedabove on thermalgradientsnearthe surface as a function of time for a systemsimilarto Clear Lake (Figs. 11to 17). These figurestrackthechangeinthermal gradientas measuredin the upper 2 km of the crust above a cooling pluton. In most cases thesesimulationsarefor anaxisymmetricmagma body thatis 7 kmthick and 15km long, emplaced with its roof at 7 km depth. The thermalgradientsplottedarefor a point directly over the center of the pluton. This point has the maximum thermalgradientfor the given model conditions, and thegradientdrops off towardthe edge of the pluton at a ratedependentmainly on the geometryof thepluton,its depthof emplacement,and time afteremplacement.
Pluton composition controls other variables such as emplacementtemperature, internalflow (convection), heat of crystallization,and radiogenic heatproduction. Silicicplutons aregenerally emplaced at lower temperaturesthanmafic plutons. They arealso less likely to convect due to much higher viscosity, andhave much higher radiogenic heat productions. Thus silicic plutons generallycool more slowly thanmafic plutons of equal size andhave lower heatcontents, despite having higher thermalconductivity. In our models we assign a single temperature-dependent thermalconductivity to plutons of silicic (3.1 W/m"C) and mafic (2.1 W/m"C) compositions thatare likely to reflect a reasonable combination of these factors. Convection in magmas hotterthan 650"C was simulatedas described in the previous section. For plutons emplaced at the same temperatureand depth, varying the convection history andthermalconductivity of the pluton from 0.9 to 3.1 W/m°C has a small effect on the near-surface thermal gradient (Fig. 11) . The size and initial temperatureof the plutondeterminehow muchheatis addedto thecrust (Fig. 12) . For example, a 1x15 km sill with a roof at 6 km produces about an 8°C increase in the nem-surface thermalgradientin about 200 ka,whereasa 5x15 km sillincreasessurfacethermal gradientover 20°C in 3200 ka. The shape of a plutoninfluences cooling rate. Shapeswith high volume to surface arearatios (i.e. spheres, cubes) cool more slowly than shapes with low volume to surface area ratios (i.e. discs), but shape has little affect on the nezu-surfacethermal-gradient unlesstheplutonis shallow(<6 km). The emplacementtemperaturehas a moderately large effect on near-surface thermal gradient (about a factor of 2 in our models for initialtemperaturesspanningthose possible for magmas) (Fig. 13) .
The depth of emplacementdramaticallyaffects thethermalgradientatthesurface (Fig. 14) . Shallow plutons yield the highest peak thermal ,,;,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,hw ,,,, ,,,,, ,,,,, ,,,,,, ",,,,,,,,,,,,,,,, :,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,, ,,,, ,,,, ,,.  3  .. ......... ....... . ........ .. ..........,., ,., ,,, h_-,u-,,.., ,, ,,,, ,,..,,,, ,, Ẽ Fig. 12 . Near-surfacethermalgradientversus timeforsills Fig. 15 . Near-surface thermal gradient versus time fora of varying volume and aspect ratios ranging from 1x15 7x15 km magma body emplaced as a single event, and as km to 7x15 km. All plutons cool through the wet granite four separate sills over a period of 400 ka. The separate solidus (mc=magma crystallized) at times ranging from sills were emplaced as adjacent, successively deeper in-10 to 500 ka. Km=3.1 W/m"C; other model parameters trusions. Other model parameters are the same as in Fig. are the same as in Fig. 11 .
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; 30 ia E g 20 1- InitialThermalGradient (*C/km) ", : 713 Fig. 13 .Neru-surfacethermal gradient versus time for7x15 km volume magma bodies with initial temperatures ranging from 650 to 1000"C. This temperature range is that typical for Clear Lake silicic magmas based on thermometry of Clear Lake silicic Iavas (Stimac and Goff, 1994) . Other model parameters are the same as in Fig. 11 . 
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Host Rock ThermaI Conductivity (W/m-K) 50 : Fig. 17 .Near-surface thermal gradient versus time for7x15 km magma bodies emplaced in host rocks with thermal conductivities varying from 1.9 to 4.9 W/m°C. Other model parameters are the same as in Fig. 11. gradient, but cool relatively quickly. Plutons emplaced at deeper levels produce lower peak thermal gradients at later times, but deliver a more sustained pulse of heat to the surface. Magmatic emplacementhistory has a variable affecton nem-surfacethermalgradients, depending on thegeometryandtimeintervalof emplacement (Fig. 15) . For example, a single 7x15 km intrusionemplaced at7 km depthyields a similarneat-surfacegradientas multiple l-km-thick sills emplace over the same depth range from the top down (top stack), but a lower gradient than overlapping intrusionsemplaced at 7 to 8 km (Fig. 15) . This is because--overlapping emplacementsallow more heat to be added nearer the surface. Multiple l-km intrusionsstacked from the bottom up (bottom stack) yields nearsurface gradientsof a similarmagnitude,but at a later time. Emplacement histories spanning more than 500 ka were not investigatedin this study because silicic volcanic centers at Clear Lakegenerallyhave shorterage spans (DonnellyNolan et al., 1981) .
Increasingtheinitialthermalgradienthasthe effect of shiftingthethermalgradientversustime curve to highergradientsandshorteningthetime to maximumheatproductionatthe surface (Fig.  16 ). Increasingthe thermalconductivity of the host rocks has the effect of sigdlcantly shortening the time for heatto diffuse to the surface, and slightly lowering the peak thermalgradient observed becauseheatis lost to thesurfacemore rapidly (Fig. 17) . This effect leadsto crossovers in thethermalgradientversustimeplots. In other words, rocks with low conductivitiesareinsulators, and thereforeheatmoves more slowly and is more effectively retained. The main resultof changing host rock thermal conductivity is to dramatically change the time of arrival of the thermalpeakatthe surface,withoutsigniilcantly changing its magnitude. For example, varying thermalconductivity(K) between 1.9 and2.9 W/ m°C resultsin a 140 ka-shiftin thethernmlpeak measurednearthe surface (Fig. 17) .
C. Values of Key Parametersfor the Clear Lake System
Now we wish to spectilcallymodel theClear Lakemagmaticsystemincorporatingmore complex histofies consistentwiththe petrologic and geophysicalconstraints.Theseconstraintsallow a variety of scenarios ranging from single emplacementconductive models, to more complex models that include multiple emplacement of magma and zones of hydrothermalconvection.
BasementRock Types andThermal Conductivities
Basementrocks in the ClearLake region include the Late Jurassic to Late Cretaceus FranciscanComplex, theMiddle JurassicCoast Range ophiolite, the Late Jurassicto Early Cretaceus Great Valley sequence, and the 1.5 to c2.9 Ma Cache Formation (McLaughlin, 1981; Hearnet al., 1976 Hearnet al., , 1995 . These rocks areoverlain by a variable thickness (O to 1200 m) of Pliocene to Pleistocenevolcanic rocks. Thetypical thickness of volcanic rocks encounteredin drillholes is about600m (Table 1) . Accounting for the lower average thermal conductivity of young volcanic rocks (WaltersandCombs, 1989) tendsto delay thetransmissionof heatto the surface, and is incorporated in some models that follow.
In the Clear Lake region, the Franciscan Complex is composed of aheterogeneousassemblage of intensely deformed and weakly-tostronglymetamorphosed graywacke,shale,chert, and mafic igneous rocks (McLaughlin, 1981; McLaughlin and Ohlin, 1984) . Discrete faultbounded portions of the Franciscan Complex range from weakly metamorphosed (prehnitepumpellyite facies) to strongly recrystallized (blueschistfacies), butlowtemperatureandpressureassemblagespredominate.In theClearLake region the Great Valley Sequence consists of a basal zone of reworked detritusfrom the Coast Range Ophiolite andFranciscanComplex, overlainby graywacke,mudstone,andconglomerate. The CoastRange Ophioliteconsistsprimarilyof variably serpentinizedgabbro, metabasalt,and ultrarnaficrocks with the lattermost abundant.
Thermal conductivity measurementsfor the Clear Lake region summarizedby Walters and Combs (1989) are reproducedin Table 2 . They showed that the thermal conductivity of graywacke,the most abundantrock type in deep wells, displayedno systematicvariationfrom the surface to a depthof atleast600 m (and in some cases 3000 m), however, measurementswere made at room temperature, and thereforedo not reflectchangesin thermalconductivityasafunction of increasedtemperatureandpressurewith depth. We used the equation of Furlong and Chapman (1991) to approximate the affect of temperature on thermalconductivityin our modeling (Eq. 2). Theirequationdoes not differ considerablyfrom other approximations(e.g. Balling, 1976). 
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Data from Wakers and Combs (1989).
Because the structural relationsanddistribution of theserock typesin the subsurfacearenot well known, we used a weightedaverageof conductivitiesinallof ourmodels. Weassumedthat, on average, basement rocks consist of 80% graywacke, 8% serpentinite, 7% greenstone,3% shale,and2% chert. This yields anaveragethermal conductivity of -2.9 W/m°C. We included low thermalconductivity volcanic cover rocks in some models of the Mt. Konocti area,using a weighted average IChof -1.6 W/m°C based on values for volcanic rocks in Table 2 and their relativeabundancesin outcrop. Horizontal and vertical components of this conductivity were assumed to be equal in all conductive models, since there is no evidence for large convective regimes north of the Collayomi fault zone and beneaththemainClearLakevolcanic field (Goff and Decker, 1983; Walters and Combs, 1989; Thompson et al., 1992; Goff et al., 1993a,b) .
Magma Compositions and Thermal Conductivites
The thermal conductivities of magmas are less well known thanthose of rocks. The only data for molten rocks are from Murase and McBirney (1973) , supplementedby recent data on molten diopside (Davaille et al., 1993) . Conductivities for magmas are a function of two mechanismsof heattransfer(lattice conduction andradiativeconduction), which are in turndependenton magmacompositionandtemperature. Thermal conductivities generally decline with increasing temperature(declining crystal content)up to temperatures approachingtheliquidus for any given magma. Thermal conductivities increase with increasing temperature once a given magma reaches temperatures near its liquidus. Silicic to intermediateglasses show a smooth increase in thermal conductivity with increasing temperature (Murase and McBirney, 1973) . Suspended crystals would act to lower the thermalconductivity in silicic magmas. In our modeling we assumedthermalconductivities of 3.1 W/m"C for rhyolitic magmas (similar to typical granitic rocks) and 2.1 W/m°C for rnailcmagmas. A recent studyby Dawdle et al. (1993) on molten diopside suggests thatthese thermalconductivitiescould be up to anorderof magnitudetoo high,however we considerit safer to use thelargerdatasetof MuraseandMcBirney (1973) until corroboration of lower conductivities come from additionalsources. In general, lowering thermalconductivitiesof basalticmagmas by an order of magnitude would result in cooling times 4 to 5 times longer for mtilc intrusions (Davaille et al., 1993) . However as shown in Fig. 11thermalconductivityof magma has relativelylittle affect on near-surfacegradientsin our models.
Masma Emdacement Tem~eratures
Magma emplacementtemperatures were inferred from geothermometrybased on mineral assemblages and compositions (Stimac, 1991; Stimac and Goff, unpub. data) . These resultindicate thatClear Lake mafic magmaswere generally erupted at temperatures from 1015 to 1170"C (most from 1150 to 1170°C), whereas silicic magmas were eruptedat a wide range of temperatures, correlatingwith theircrystalcontentandtheextentof theirinteractionwith more mtilc magmas (Stimac, 1991; Stirnacand Goff, unpub. data) . Crystal-poor rhyolite and rhyodacite lavas thatshow evidence of interactionwithrnailcmagmajustpriorto eruptionyield temperatures >1OOO"C, whereascrystal-richrhyolitic and rhyodacitic lavas yield temperatures from 650 to 750"C. Since silicic volcanism in a given center commonly began with eruptionof crystal-poorrhyolite,initialmagmatemperatures in the models ranged from 900 to 1000°C, whereasmailc magmas were emplaced at 1150 to 1170"C.
Rezional Thermal Gradient
The bestestimateof theregionalthermalgradient can be derived from heat flow data presentedin Lachenbruchand Sass (1980) . As discussedabove, theyshowed thattheCoastRanges have a relatively high heat flow compared to adjacentareas (Fig. 5) . Except for local anomalies, heat flow throughoutthe province is relatively uniform, averagingabout2HFU (83 mW/ mz). If we assume an average thermalconductivity of 2.9 W/C"m, then this implies thermal gradientsof about 28"C/km. Lachenbruch and Sass (1980) ascribe thisrelativelyhigh regional heatflow to thincrustandunusuallyhot mantle, with additionaldike injection, and possible minor contributionsfrom frictional heating along faults of the San Andreas system.
In The Geysers-ClearLake region heatflow is greaterthanor equal to 4 HFU (167 mW/m2), at leasttwice the regional average (Waltersand Combs, 1989) . This heat flow anomaly is almostcertainlydue to acombinationof deeprnafic intrusion, and eventual development of more shallowsilicic magmabodies, andimpliesa thermal gradientof atleast58°C/lan assumingathermal conductivity of 2.9 W/C"m. We have constructed6 and8 HFU contoursin theregionbased on a number of deep wells extending from Mt. Hannahto Borax Lake (Table 1 and Fig. 7 ).
An alternativeapproach to establishingthe initial thermalgradientfor models of the silicic magmatic system is to simulate the affect of rnailc intrusioninto the deep crustbased on tectonic models of mafic magma production (Liu and Furlong, 1992) . Numerical simulationsby Liu andFurlong (1992) indicatethatmantleupwelling would resultin 30 to 40% partialmelting of peridotite at the top of the slabless window, depending on the thicknessof the overlying crustallid. This could resultin generationof a layer of basaltic magma 4 to 5 km thick in the wake of theMendocino TripleJunction. Simple conductive models for emplacementof a mtilc sill 4 km thick and 25 km long at 12, 15, and 20 km depthimply thatmafic intrusionmustoccur at relatively shallow levels to significantly affect surfacethermalgradienton areasonabletime scale (Fig. 18) . For example, a 4x25 km mafiic sill emplaced with its roof at 12 km raises surface thermalgradientfrom 20 to 45°C in about2 Ma. Limited evidence from xenoliths in Clear Lakelavasindicatesthatmafic intrusionoccurred at depths as shallow as 14 to 21 km (Stimac, 1993; Fig. 4) . Assuming basalticmagmaswere produced by decompression melting in the slablesswindow, andintrudedin significantvolume at this depth range, mtilc magmas could have raised the thermalgradientto between 25 to 40°C/km over about 2 to 3 Ma, overlapping above the28"C/krnestimatedfrom regionalheat flow measurementsdescribed above. Based on the nearestpoint of overlap of the two approaches outlined above, we have used initial thermalgradientsof 28-30°C/km in our models. As shownearlier, varyingtheinitialthermal gradientbetween20 and 50°C/km resultsin a relatively smallchange in thetiming andmagnitude of peak near-surface thermal gradient compared to variablessuch as magmabody size anddepthof emplacement(compareFigs. 14 and 16).
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D. Constraintson Magma Production 1. Emuirical Estimates
Estimatesof magma production rateswere summarizedby Shaw(1985) , who concludedthat 0.01 ktn3/yr(104 lmP/Ma) is an average value for all compositions. Shaw (1985) furtherestimated average rate of production of silicic magma at 0.001 kmVyr (10s kms/Ma), however ratesfor large silicic systemssuch astheTimber Mountain/OasisValley andYellowstone centers may be ashigh as0.03 kmVyr (e.g. Christiansen, 1984) .
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Estimatesfor the Clear Lake Region Based on Tectonic Models
Tectonic models for mafic magma production in the Clear Lake areacan be extended to silicic compositions assumingthatthe depthof mailc intrusionis known andsilicic magmasare generatedby anatexis. Liu andFurlong (1992) estimatedthe amountof silicic crustalmeltthat could be produced by underplatingor intrusion of basaltinto thecrustbasedon theslablesswindow hypothesis. Assuming a migrationrateof 5 cmlyr, basalticunderplayingwas predictedto yield peak silicic magma production rates of about2000 kms/Ma(0.002 kmq/yr),whereasin-,,,, ,,,. :,,,, ,,,.
'&uslonof basalticmagma into the crustwould generatea much higher volume of crustalmelt. Their model for injection of a 2 km-thick sill at 20 km depthyielded peak silicic magmaproductionratesup to 8000kmYMa(0.008 ImWyr) (Fig.  19) . The totalvolume implied by theseratesare about 1010 knf and 3200 ImP for underplating andintracrustal intrusion,respectively,withover 90% of this being produced within 1 Ma of basalt intrusion. This yields an average rate of 0.001 to O.003kms/yroverthis shortperiod. The calculations of Liu and Furlong (1992) are broadly consistent with other heat flow work (Jamieson,1976) ,andwithregionalseismicstudies thatindicate the crust in the Clear Lake region is <30 km thick, and contains anomalous low-velocity zones due to thepresenceof magma in both its upperandlower portions (Benz et al., 1992 ). Smith and Shaw (1975, 1978) and Smith (1979) suggested thatthere is a correlationbetweencalderasize, ash-flow tuffvolume, andthe "volumeof the source magmachamber (Fig. 20) . They concluded that silicic magma bodies are typically tentimesthevolume of thedense-rockequivalentof theireruptiveproducts. Crisp and Spera (1984) concluded that ratio of magma eruptedto magmaemplaced for intracontinental silicic systems ranges from about 1:4 to 1:16, Time (my.) Fig. 19 . Predicted rates of silicicmagmaproduction based on thermal modeling of Liu and Furlong (1992) . The two production rates are based on: (1) basaltic underplating at 30 km depth, and (2) a 2-km-thick sill injected at 20 km depth. The solid and dashed curves assume nonlinear and linear melting relationships respectively (see Liu and Furlong, 1992) . These rates should be considered maximums for the given scenarios because the lower crusts was assumed to consist of metapelitic rocks. A lower crust consisting in part of mafic crystalline rocks would undergo significantly less partial melting. Shaw, 1985) . Solidification refers to crystallization from 850 to 650"C for a magma body with its roof at 4 km depth.
E. Percentageof Magma Erupted
whereasthisvolume ratiofor subduction-related systemsrange from 1:6 to 1:13. Itis importantto note thattheseestimatesdo not include thevolume of mailc root zones asso-"'ciated with thesesystems. A numberof workers have argued that all continentalmagmatismis ultimatelyrelatedto intrusionof mantle-derived basalt(e.g. Hildreth, 1981) . If one includes the volume of rnaflcmagmathatmaybe involved in genesisof more silicic magmas,thenthevolume of magmaemplaced in the crustmaybe from 10 to 1000timesthaterupted,dependingon theproportion of underplatingto intracrustal intrusion (Shaw, 1980 (Shaw, , 1985 ~ldreth, 1981) .
We suggest that large systems such as the Timber Mountain and Vanes calderas emphasized in these studiestendto erupta higherproportionof thetotalmagmaemplacedthansmaller systems such as Clear Lake. For example, the significant isotopic differences between individual members of rapidly emplaced large-volume ash-flow tuff sequences from the Timber Mountain volcanic center are consistentwith a highproportionof themagmapresentin theoriginal chambers being evacuatedbefore emplacementof subsequentmagmas (Sawyeretal., 1990; Farmeret al., 1991) . Similarly,the observation that post-caldera rhyolite lavas of the Vanes caldera appear to represent small, discrete batches of magmas chemically and isotonically unrelatedto theprecedingcaldera-formingeruption (Spell et al., 1993) suggeststhatlittle"eruptible" magma remained in the Bandelier chamber afterformation of the Tshiregememberignimbrites.
On the other hand, silicic centers at Clear Lake produced sequences consisting of numerous chemically and isotonically related lavas, with a total eruptive volume <100 kms. This volume is less thanthatestimatedfor the Geysersfelsite alone. As shown below, it is impossible to model thehigh heatflow associatedwith the ClearLake systemassumingthat10% of the totalmagma emplaced was erupted.
1. Introduction . . ., ., .
Eruptionof rhyoliteanddacitemagmain the Mt. Konocti areafrom 0.65 to 0.25 Ma produced about4590of the totalvolume of magmaerupted in theClearLake volcanic field (Dormelly-Nolan et al., 1981) . This episode of volcanism was chosen for thermalmodeling because the ages and petrologic characterof individualeruptions are well studied (Donnelly-Nolan et al., 1981; Hearnet al., 1981; Stimac, 1991) . A large number of magma emplacementmodels were tried for the Mt. Konocti episode of volcanism, some of which are summarized in Tables 3 and 4 . These models can be divided into three major groups: (1) single emplacement, conductive models (MK1); (2) multipleemplacement,conductive models (MK2); and (3) single emplacement, convective models (MK3). We focus on the case of an episodically recharged magma body withdimensionsof 7x15x15 km. This volume was chosen for detailedmodels because it broadly fitsthegeophysical andpetrologic models for magma bodies at Clear Lake, and generatesthe observed near-surfacethermalgradient in some models thatinclude volcanic cover and Iatemaficintrusion.A7x15x15 kmmagma body yields a extrusion:intrusionratio of 1:35, which is considered a good estimateof magma volume associatedwith the Mt. Konocti system,including mafic contributions (Stimac, 1991) .
The insulatingaffect of volcanic rocks with low thermalconductivity is generallynot an importantfactor in the Clear Lake volcanic field, but could be in the Mt. Konocti area,where the thickness of the volcanic pile is locally over 1 km (Hearnet al., 1976 (Hearnet al., , 1995 , or where substantial thickness of shale is present (Stanley and Blakely, 1995) . Many of the models described below were run with andwithoutvolcanic cover ",, ,," ,.,,, ",",,,,,,,,, ,,,,,, rocks, and as will be seen, adding low thermal conductivity rocks to the upper portion of the mesh significantlydelaysthe timingof thepeak near-surfacethermalgradient,as well asincreasing its magnitude. Firstwe will consider single emplacement, conductive models that assume emplacement schedules based on the observed timing of eruptions in the Mt. Konocti area (Donnelly-Nokm et al., 1981) .
Conductive Models
Conductive models assuminga wide variety of magma volumes and emplacement depths, indicatesthatobserved near-surfacegradientsin the Mt. Konocti area cannot be reproduced by any simple emplacementscheme cued to ernptionhistoryandvolume, unlesslow thermalconductivity cover rocks, or late intrusionare also assumed(see Table 3 for a surnmaryof models shown in Figs. 21 to 24) . For the Mt. Konocti area,theeruptionvolume (about45 Icms)implies a magma body of 450 lcrd using the"1: 10 rule" of Smith and Shaw (1975, 1978) , or 2x15x15 if scaledto the spacialdistributionof lavaserupted from 650,000 years ago'to the present. A single magmabody of thissize emplaced at6 km depth would crystallizein only 60,000 years,andyield a maximum near-surface thermal gradient of 51°C/km about 160,000 afteremplacement(see Model MKla in Fig. 21 ). The maximum nearsurface thermalgradientdrops to 37°C/km after 600,000 years, equivalent to the present time in all kft. Konocti models. This is well below the observed near-surfacethermalgradientsin the Mt. Konocti area today (Walters and Combs, 1989) .
Even much largermagma bodies emplaced at 6 km depth fail to produce observed gradients. Models withdimensionsof 7x15x15 (1575 ICI@)and 10X15X15(2250 km3)yield peak nemsurf?ce gradientsof only about60°C/km atabout 300,000 years, dropping to 52 to 54°C/km at 600,000 years elapsed time (Model MKlb and MKIc in Fig. 21 ). Adding 1 km of low thermal conductivity cover at250 ka increasesgradients by about IO°C/km and delays the peak gradient after about 100,000 years, but still fails to produce observed gradients(Model MKld in Fig.  21 ). Table 3 for model summaries). Models MKlato MKld are single-emplacement models, whereas model MK2ais amukiple emplacement model with emplacements qued to the spatial and temporal eruption history of the Mt. Konocti center (see Table 4forsummary ). Model MKldis the same as model MKIc, but with a 1 km-thick layer of low thermal conductivityrocks added at 250kaelapsedtime. Other models parameters are Tgi=30"C/km, Tim=1000"C, Km=3.1 ,, ,,, ,, ,
ML Konocfi(Si#gIeand
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W/m"C, and Kh=2.9 W/m"C. Table 3 for model summaries). One-krn-thicklayers of low thermal conductivity volcanic cover were added to models MK1h and MKlj at 250 ka elapsed time. Other model parameters are the same as in Fig. 21 .
""" Table 3 for model summaries). Model MK2-SS1 simulates intrusion of a 2x15 km silicic sill at 4 km depth at 500 ka, with 1 km of low thermal conductivity cover added at 250ka. Other model parameters are the same as in Fig. 21 . This model also has a l-km-thick layer of low thermal conductivity volcanic rocks at the surface. Models MK3-2a to MK3-2d share three vertically-directed, convective zones l-km-wide extending from the roof of the magma body to the surface. These zones are simulate faults. Curve MK3-2a is the maximum gradient (nearest grid block to fault) and curve MK3-2b is the minimum gradient observed over themagmabody (butfarthest gridblockfrom fault). MK3-2Cand d are the same as MK3-2a and b, but have a l-kmthick layer of low conductivity volcanic rocks at the surface.
Assuming the same magma volumes, but shalloweremplacementdepths(3 to 4 km), produces peak gradientsin the range of those observed in the Mt. Konocti area, but at elapsed timesof-300,000 years-@ig. 22). Bythepresent (or 600YO00 years elapsed time), thermalgradients have dropped to -63°C/km without volcanic cover (Models MKle, f, g, andi) , and-74°C/ km with addition of 1 km of low thermalconductivity cover at 250 ka (Model MKlh andj). These values are close to, but slightlybelow the observed thermalgradientsobserved in "deep" wells in the Mt. Konocti area,which rangefrom 86-110°C/km (Table 1 and Fig. 7) .
We also investigatedthe thermalaffects of latermtilc intrusioninto thesystem,asindicated by eruptionof rnaflc lavas whose ages are estimated at from 100,000 to 10,000 years B.P. in the Mt. Konocti area (Donnelly-Nolan et al., 1981; Hearnet al., 1988) . Some of these lavas contain sanidine and quartz xenocrysts similar to thosefound in earliererupteddacites,suggesting thatthe mallc magmas mixed with, or assimilatedsilicicmagmabefore eruption.In models designatedMK2-MD, we added four l-kmwide mailc dikes to a 7x15 km chamberwith its ,, roof at 4 km (Fig. 23) . The dikes, which were added at 500 ka, project to within 4 km of the surfaceandarespaced4 km apart.It can be seen thatthese additions prolong the period of high near-surfacegradients,but only achieve the observedgradientswhen low thermalconductivity volcanic cover is also assumed(MK2-MD2 and 3 in Fig. 23 ). Inmodel MK2-MD2, a 1 km layer of low thermalconductivity rocks was added at 250 ka, whereasin MK2-MD3, two 1 km-layers were addedat Oand 250 ka, respectively.
The affects of late intrusionof a large silicic sill at shallow depth is shown in model MK2-SS1 in Fig. 23 . The model incorporatesthe addition of a 2 km-thick sill at 4 km depth at 500 ka. The model illustratesthatlate, shallow intrusionof siLicicmagmanot manifestedby eruptioncould dramaticallyincreasenear-surfacegradientswithin100 ka elapsedtime. Although this model achieves observed thermalgradients, it should be notedthatthereis no clear geologic or geophysical evidence for an activemagmabody underlyingthe Mt. Konocti area.
Convective Models
Model MK3-1 is also similarto MKla, but incorporatesa 2-km-thick zone of hydrothermal convection directly above the magma body for thefmst400kaafteremplacement (Fig. 24) . This zone is inferredto resultfrom fracturingandhydrothermalconvection in a fried region above thepluton,analogousto thatobserved above The Geysers felsite (Hulen et al., 1993) . The time anddepthconstraintsareimposed becausewhile thereis some evidence of pasthydrothermalactivity(e.g. Bell Mine, SulphurMound Mine), no hydrothermalsystems of any consequence are currentlyactive in the Mt. Konocti area,even in holes as deep as3 km (Table 1; Goff andDecker, 1980; Goff etal. 1993a,b; Goff andJanik,1993) . Because convective transportis very rapidcompared to conductive transport,theresultsof this model are very similarto thatof MKlj. Thatis, the overall effect of the hydrothermalzone is similarto moving the magmabody up nearly an equivalentdistancein the crust (Fig. 24) .
Model MK3-2 uses the samemagmatic system as MKla but incorporatesthreeconvective zones 1 km wide above a magma body. These convective zonessimulatebroad,fault-controlled hydrothermalsystemsandsustainhigh near-surface thermalgradientsand very high temperatures for the duration of the model (Fig. 24) . Regions of high gradientbegin to develop adjacent to these zones through a combination of convective and conductive heat transport,significantly increasingthermalgradientsbetween convective zones for the durationof the model. The possible role of hydrothermalconvection at Clear Lake is explored in more detail below in models of the Borax Lake area.
Conclusions from Mt. Konocti Models
After consideringa largenumberof possible models, we conclude thatsome combination of $hallow silicic magma bodies, low eruption: intrusionratios,late intrusionof mtilc or silicic magmawithoutsilicic eruption,andlow thermalconductivityvolcanic cover arerequired to explain the observed thermalgradientsof the Mt. Konoctiarea. Convectiveheattransportmay have also played a role in the past,but evidence cited earlierindicatesthatno largehydrothermal systemis currentlyactive in the area. Convection also produces sharperlateralgradients,thus widespread convection would be necessary to explain the large aerialextentof the Clear Lake thermalanomaly.
G. Modelsof theBoraxLake VolcanicCenter
The Borax Lake-Sulphur Bank Mine area contains the youngest silicic lavas in the Clear Lake region (Donnelly-Nolan et al., 1981) , and the most vigorous hydrothermalactivityrecognized in the Clear Lake region exclusive of The Geysers (White and Roberson, 1962) . The BoraxLakelavasconsistsof azoned sequencegrading upward from basaltic andesite to rhyolite, which appearsto have resultedfrom incomplete mixing of basaltic and rhyolitic endmembers @owmanet Patterson-Latham, 1985) . The rhyolite which caps this sequence has been datedatabout90,000 yearsB.P. (Donnelly-Nolan et al., 1981) , and represents<1 km3of magma. A number of other young basaltic andesiteand andesite lavas and scoria cone deposits were emplacedin the SulphurBank Mine area,andto theeastalongtwo nearlyN-S lineartrends (Hearn etal., 1976 (Hearn etal., , 1981 ,butattempts to datetheseunits by K-Ar were largely unsuccessful (DonnellyNolan et al., 1981) . The age of the andesiteof SulphurBankMine hasbeen estimatedat44,500 years B.P. based on a carbon-14 date of stump material found in sedimentsbeneath the flow. Similarly,the age of ashlayersinterbeddedwith peatin ClearLakeis bracketedfiomabout90,000 to 10,000 yearsB.P.by carbon-14 dates (Si& et al., 1981) .
The SulphurBankMine is thesiteof themost vigorous geothermalsystemidentiled north of the Coil.iyamifault zone (White and Roberson, 1962; White et al., 1973; Bean, 1985; Goff and Janik,1993; Goff et al., 1993b; Goff etal., 1995) . Wells drilled near this site yielded conductive thermal gradientsof 96 to 141°C/km at depths of 1.0 to 1.3 km. A maximum downhole temperatureof 218°C at500 m was measuredin fie hydrothermalsystem( Table 1 ). The hydrothermal systemat SulphurBank mine appearsto be fault-controlled, extending over a maximum width of 200 m, and has chemical and isotopic characteristicsconsistent with some magmatic componentsbeing presentin thefluids (Goff and Janik,1993; Goff etal., 1993b; Goff et al., 1995) , although traditionallySulphurBank hydrothermal fluids have beeninterpretedasmetamorphic and/or connate waters(cf. White and Roberson, 1962; Goff andJanik, 1993) .
A seriesof conductive and convective models were constructedbased on the Borax LakeSulphur Bank Mine area. The models were scaledto representN-NW cross-sectionsextending from exposuresof the Borax Lake sequence lavas to SulphurBank Mine, a distance of approximately 5 km. A 2x5x5 km magma body was emplaced with its roof at4 km. Because of the very small volume of magma erupted,this magma chamber size yields a volume ratio of <1:125. Amagmabody consistentwith the 1:10 "rule of thumb"of SmithandShaw (1975 SmithandShaw ( , 1978 would certainlyfail to produce theobservedhigh heatflow in this areaeven if heattransportwere dominantlyby convection.
Models assumingall heat transportby conduction can approach measuredthermalgradients in the areaif the depth of emplacementis very shallow (3 km), and magma body size greatlyexceeds volume ratiosof 1:10 (Fig. 25) . Models combining the effects of local convection andregional conduction were runbased on the available geologic constraints (Fig. 26) . A 0.2-krn-wide zone of hydrothermalconvection was modeled as extending vertically from the magma body to the site of the Sulphur Bank Mine. These models show that thermalgradients reach high values in the convective zone within 5,000 years elapsed time (Fig. 26) . At 40,000 years elapsedtime, the thermalgradient nearthe convective zone reached a steady-state value of about200"C/km (Fig. 26) . Conductive heat transportaround the convective zone has led to a invertedfunnel-shapedregion of higher temperatures.In otherwords, isothermsaround the convective zone are bowed upwarddue to a combination of convective and conductive heat transport. By 90,000 years elapsed time, this zone has widened, creatinga region about 1 km wide where near-surfacegradientsapproach or exceed 100°C/km (Fig. 26) . Virtually all of the original magma has also crystallizedby 90,000 yearselapsedtime. This model is generallyconsistentwith observed gradientscited above for the Borax Lake-SulphurBank area. . Near-surface thermal gradient versus time for conductive models of the Borax Lake volcanic center with magma bodies emplaced from 3 to 4 km depth, and 2-D volumes ranging from 2x4 to 5x5 km. All models are single-emplacement, and none have low conductivity volcanic cover. Other models parameters are Tgi=30°C/km, Tim=1000"C, Km=3.1 W/m°C, and Kh=2.9 W/m"C. 
IV.DISCUSSIONAND CONCLUSIONS
The conductive and convective heat transportsimulationsof cooling magma bodies described above illustratethat the three most important factors in determining near-surface thermalgradientsare depthof magmaemplacement,magma chambervolume, and the relative importance of conductive and convective heat transportin the uppercrust. We have only indirect constraintson thesekey variables,but they provide the necessary boundary conditions to model themagma-hydrothermal systematClear Lake. Each is discussed below in light of our modeling and otherpertinentdatabelow.
A. Depth of Emplacement
Linesof evidencefor shallowintrusionin The Geysers-ClearLakeregioninclude: (1) The Geysers felsite is very shallow and was probably emplacedatdepthsof <3 km; (2) hornfelsicrocks similarto those thatmakethe contact aureoleof The Geysers felsite were encountered in deep wells beneath the main Clear Lake region; (3) purely conductive thermal models necessitate shallow depth of emplacement (3 to 4 km) to explain the very high regional heat flow data; and (4) interpretations of the gravity and magnetics anomalies centered, beneathMt. Hannah include magma emplacementscenarios as shallow as 2-3 km (see Griscom et al., 1993) . Of these arguments,the heatflow modeling would be most compelling if one could completely eliminatethepossibilityof hydrothermal convection. As discussedabove,thecasefor dominantly conductive heat transportin the Clear Lake region is betterthanvirtuallyany other region of young magmatismthatwe know of, butevidence for small,fault-controlledhydrothermalsystems in the pastand presentcan be found.
-
B. Magma ChamberVolumeand Ratio of Intrusionto Extrusion
Comparison of volcanic and plutonic rocks provides some insightinto the issue of the fraction of magma eruptedin a given setting (Crisp and Spera, 1984) . Recent study of the subsurface geology of The Geysers geothermal field hasrevealedthe occurrence of a shallow,silicic, composite plutonknown asthe"Geysers felsite" (Schreiner and Suemnicht, 1981; Thompson, 1989; Hulen and Nielson, 1993) . This body rangesin compositionfrom graniteto granodiorite. The granite has been dated at >1.3 Ma (Dalrymple, 1992) , and the granodioriteat 1.19 and 0.95 Ma (Pullca,1991) . Based on drilling, the felsite musthave a volume of over 100 ImN, equalto the entireeruptivevolume of ClearLake volcanic rocks (Donnelly-Nolan et al., 1993) . Hulen and Nielson (1993) have suggested that granodioritephasesof theplutonmaybe equivalent to dacitic lavas of the Cobb Mountain sequence (Goff and McLaughlin, 1976; Hearrtet al., 1976) datedat1.06-1.08Ma (Donnelly-Nolan et al., 1981) . Prelhninarypetrographicand microprobe studyof core samplesfrom the granodioritephase (StimacandHulen, unpub.data)is consistentwith this interpretation.If true,then the volume ratioof extrusiveto intrusiverock in thiscase mustbeat most 1:20, andcould be considerablylower.
As mentionedearliermodeling based on the slabless window scenario by Liu and Furlong (1992) suggeststhatbetween1000and3200kms of silicic magma could be produced by basaltic underplating or intrusion into the deep crust. Comparing these figures to the total volume of silicic volcanic rocks (about 50 kms) yields ratios ranging from 1:20 to 1:64. This range exceeds both the 1:10 "rule of thumb" of Smith and Shaw (1975, 1978) and estimatesof Crisp andSpera(1984) , which rangeup to 1:16. Thermal models which are broadly consistent with featuresof volcanic rocks, thermalwaters,and geophysical surveysimply volume ratiosof 1:35 for Mt. Konocti and<1:50 for Borax Lake. Our calculationsaresimilarto estimatesfor theCoso geothermal system (Bacon, 1982) and may be typical of bimodal volcanic fields dominatedby lava and dome eruptions.
C. Relative Importance of Conductive and ConvectiveHeatTkansport
The largestthermalanomalies in the upper crust are typically the result of hydrothermal convection above cooling magma bodies. This is because convecting hydrothermalfluids can potentially transmitheat orders of magnitude faster than impermeable rock. Such systems commonly consistof deeplycirculatingmeteoric water (plus lesser magmatic fluids) that form neutral-chloride geothermal reservoirs with or without hydrothermaloutflow plumes. A classic example is the Vanes caldera hydrothermal system (Goff et al., 1988 (Goff et al., , 1992 . Such systems can dramaticallyaffect subsurfacetemperatures adjacentto theirflow paths,by a combination of local convection and regional conduction, such as at the Fenton Hill HDR test site just outside the west rim of the Vanes caldera (Harrison et al., 1986; SassandMorgan, 1988) . Thus therole of hydrothermalconvection mustbe considered in any areaof anomalousheatflow.
Several lines of evidence presentedearlier indicate that no large hydrothermal system is present in the Clear Lake region north of the Collayomi faultzone (Goff et al., 1993a,b, Goff and ), yet this is a zone of highly anomalous heat flow (Jamieson, 1976; Walters and Combs, 1989) . We believe the role of convection in theClearLakeregion mustbe limited to: (1) earlier convective systems that are no longer active (e.g. Bell Mine nearMt. Konocti), (2) deep convective systems that have no surface manifestations, or(3) presentlyactive,faultcontrolled systems of small size (e.g. Sulphur Bank and Sulphur Mound Mine areas). Small hot spring areas such as Seiglar Springs and Howard Hot Spring have been shown by drilling to be vanishinglysmallin volume. Geochemistry of spring waters also indicates that these systemsareisolatedandrelativelyshallow,thus they are ignored in our modeling.
A numberof models were runthatsimulated these possibilities, and the primary conclusion thatcan be drawn is thateven limited convection measurably enhances transmissionof heat into the upper several kilometers of the crust. Thus the magmatic heat source may be somewhat deeper (up to 6 Ian) and smaller than in purely conductive models, but is generally shorterlived. Another importantresult of convective models is thatlateralvariationsin thermal gradientare much sharperthan in conductive models, thus regions of elevated thermal gradientlargely reflect the geometry of the convective system, unless it is old and deep. Considering the large aerialextentof the heat flow anomalyin the ClearLake region andthe apparent lack of high-temperaturegeothermal activity, we believe heat transportby conduction to be the dominant process in the region, being modilled only locally by convective transport systems.
D. Implicationsfor HDR
The resultsof thermalmodeling supportprevious assessmentsdefining the excellent HDR potentialandpoor conventional geothermalpotentialof the Clear Lake region (e.g. Goff and Decker, 1983) . Takenin thecontextof otherobservations,thesemodels suggestthatClearLake is unusualin at leastthreerespects. First,it appears thatmagma bodies in the Clear Lake region were emplaced atunusuallyshallow levels (<3-6 km). Second, it appearsthatonly a small proportionof the magma emplaced was erupted compared to larger magmatic systems emphasized by SmithandShaw (1975 SmithandShaw ( , 1978 . Third, it seemslikelythata combinationof hostrock type, earlytectonicanddiagenetichistory,anda dominantlycompressionalstressregime have limited hydrothermalprocesses northof the Collayomi fault, despitehigh thermalgradients.
Conductive thermalmodels suggestthepossibility thatgranitic bodies similar to the Geysers felsite underliemuch of the Clear Lake region (up to 750 kmz) atdepthsas shallow as 3-4 km. This is significantbecausefutureHDRreservoirscould potentiallybe sitedin young granitoid plutons ratherthanin structurallycomplex Franciscanbasementrocks.
